Factors that reverse the persistent depolarization proIn CA1 neurons of the rat hippocampal slice preparation, duced by deprivation of oxygen and glucose in rat hippocampal CA1 neurons in vitro. J. Neurophysiol. 78: 903-911, 1997. In CA1 superfusion with an ischemia-simulating medium (deprived pyramidal neurons in rat hippocampal tissue slices, superfusion with of oxygen and glucose) produces a rapid depolarization after ischemia-simulating medium produced a rapid depolarization after 6 Ç6 min of exposure. Whether or not oxygen and glucose min of exposure. The membrane potential eventually reached 0 after are reintroduced immediately after the onset of the rapid 5 min (a persistent depolarization), even when oxygen and glucose depolarization, the membrane potential becomes persistently were reintroduced. The role of various ions in the reversal of this depolarized, reaching at 0 mV after 5 min (Tanaka et al. persistent depolarization after reintroduction of oxygen and glucose 1997). Rader and Lanthorn (1989) was reduced by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), DL-2-amino-5-phosphonopentanoic acid (AP5), DL-amino-3-phospho-On the other hand, Tanaka et al. (1997) have demonstrated nopropionic acid (AP3), or DL-amino-4-phosphonobutyric acid, sug-that the rapid depolarization may be due to a nonselective gesting that activation of non-N-methyl-D-aspartate (non-NMDA), increase in permeability to all participating ions (Na / , Ca 2/ , NMDA, and metabotropic glutamate (Glu) receptors is involved in K / , and Cl 0 ), which may occur only in pathological condithe generation and maintenance of the persistent depolarization. tions. Thus the rapid depolarization leads to massive influxes Among these Glu receptor antagonists, only CNQX or AP5 was able of Na / , Ca 2/ , and Cl 0 and a large efflux of K / . Conseto reduce dose dependently the level of depolarization, suggesting quently, neurons would become hyperosmotic. The differthat Ca 2/ influx via both a-amino-3-hydroxy-5-methyl-4-isoxazoleence in osmolarity across the cell membrane would give rise propionic acid/kainate type II receptors and NMDA receptors contrito an inflow of water and cause cell swelling, which may butes to the membrane dysfunction. trans-1-aminocyclopentane-1,3-destroy physically the structure of the cell membrane. The dicarboxylic acid (t-ACPD) did not affect the peak potential of the persistent depolarization, but it dose-dependently restored the mem-roles of other Glu receptor subtypes and participating ions brane potential. AP3 antagonized the protective action of t-ACPD. except for NMDA receptors and Ca 2/ in the membrane dysThe membrane potential also recovered after reintroduction when the function are still unclear.
In CA1 neurons of the rat hippocampal slice preparation, duced by deprivation of oxygen and glucose in rat hippocampal CA1 neurons in vitro. J. Neurophysiol. 78: 903-911, 1997 . In CA1 superfusion with an ischemia-simulating medium (deprived pyramidal neurons in rat hippocampal tissue slices, superfusion with of oxygen and glucose) produces a rapid depolarization after ischemia-simulating medium produced a rapid depolarization after 6 Ç6 min of exposure. Whether or not oxygen and glucose min of exposure. The membrane potential eventually reached 0 after are reintroduced immediately after the onset of the rapid 5 min (a persistent depolarization), even when oxygen and glucose depolarization, the membrane potential becomes persistently were reintroduced. The role of various ions in the reversal of this depolarized, reaching at 0 mV after 5 min (Tanaka et al. persistent depolarization after reintroduction of oxygen and glucose 1997). Rader and Lanthorn (1989) have reported that the was investigated. The peak of the persistent depolarization was de- rapid depolarization recorded intracellularly in hippocampal creased in solutions containing reduced Na / or Ca 2/ and in solutions CA1 neurons corresponds to the extracellularly recorded ancontaining Co 2/ or Ni 2/ . In contrast, the depolarization was not oxic depolarization (a rapid negative-going shift of the DC affected by reduction of external K / or Cl 0 or by addition of tetrodotoxin (TTX), flunarizine, or nifedipine. These results suggest that potential). The intracellularly recorded depolarization consustained Na / and Ca 2/ influxes produce the persistent depolariza-sists of two pharmacologically distinct components, a rapid tion. The membrane potential recovered after reintroduction of oxy-depolarization and a subsequent, persistent depolarization. onists, dizocilpine malate and 3-([/]-2-carboxy-piperazinwas the most effective in promoting recovery from the persistent 4-yl)-propyl-1-phosphonic acid, suggesting that the memdepolarization, suggesting that Ca 2/ influx has a key role in causing brane dysfunction may be due to activation of NMDA recepthe membrane dysfunction. The peak of the persistent depolarization tor channels by interstitial glutamate (Glu) accumulation.
was reduced by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), DL-2-amino-5-phosphonopentanoic acid (AP5), DL-amino-3-phospho-On the other hand, Tanaka et al. (1997) have demonstrated nopropionic acid (AP3), or DL-amino-4-phosphonobutyric acid, sug-that the rapid depolarization may be due to a nonselective gesting that activation of non-N-methyl-D-aspartate (non-NMDA), increase in permeability to all participating ions (Na / , Ca 2/ , NMDA, and metabotropic glutamate (Glu) receptors is involved in K / , and Cl 0 ), which may occur only in pathological condithe generation and maintenance of the persistent depolarization. tions. Thus the rapid depolarization leads to massive influxes Among these Glu receptor antagonists, only CNQX or AP5 was able of Na / , Ca 2/ , and Cl 0 and a large efflux of K / . Conseto reduce dose dependently the level of depolarization, suggesting quently, neurons would become hyperosmotic. The differthat Ca 2/ influx via both a-amino-3-hydroxy-5-methyl-4-isoxazoleence in osmolarity across the cell membrane would give rise propionic acid/kainate type II receptors and NMDA receptors contrito an inflow of water and cause cell swelling, which may butes to the membrane dysfunction. trans-1-aminocyclopentane-1,3-destroy physically the structure of the cell membrane. The dicarboxylic acid (t-ACPD) did not affect the peak potential of the persistent depolarization, but it dose-dependently restored the mem-roles of other Glu receptor subtypes and participating ions brane potential. AP3 antagonized the protective action of t-ACPD. except for NMDA receptors and Ca 2/ in the membrane dysThe membrane potential also recovered after reintroduction when the function are still unclear.
slice was pretreated by 1,2-bis(2-aminophenoxy) ethane-N, N,N,N- The present study concerns the mechanism for the transitetraacetic acid tetraacetoxymethyl ester, ryanodol 3-(1H-pyrrole-2-tion to the irreversible membrane dysfunction during the carboxylate), 8-(diethylamino)octyl-3,4,5-trimethoxybenzoate hy-persistent depolarization induced by deprivation of oxygen brane potential and the apparent input resistance as indices of the ability of a given experimental condition to prevent test was used to compare data, with P õ 0.05 considered signifiirreversible changes in the neuron. It may be possible to cant. deduce the applicability of some of the results to the clinical situation from such a study. Preliminary accounts of some R E S U L T S data have been presented previously (Higashi et al. 1990a; Yamamoto et al. 1993a,b) .
This study was based on intracellular recordings from ú200 CA1 pyramidal neurons of adult rats with stable mem-M E T H O D S brane potentials more negative than 060 mV in control superfusing solution. The resting membrane potential and the The preparation and recording techniques employed were similar apparent input resistance were 071 { 6 mV and 45 { 16 to those described in the preceding paper (Tanaka et al. 1997 oxygen and glucose were reintroduced after the onset of the recording electrode. The bridge balance was continually monitored and adjusted. The slices were made ''ischemic'' by superfus-the rapid depolarization, the neuron did not repolarize, but ing them with medium equilibrated with 95% N 2 -5% CO 2 and depolarized further at a much slower rate. The membrane deprived of glucose, which was replaced with NaCl isoosmotically. potential eventually approached 0 mV at 5.2 { 1.0 min (n Å When switching the superfusing media, there was a delay of 15-65) after the onset of the rapid depolarization and remained 20 s before the new medium reached the chamber due to the at this level for as long as the impalement was maintained volume of the connecting tubing. The chamber was filled com-(ú1 h), as described in the preceding paper (Tanaka et al. pletely with test solution within 30 s after switching the three-way 1997). Such a sustained depolarization hereafter is referred cock. When testing for the effects of various solutions on the peak to as the persistent depolarization, as in the report by Rader potential of the persistent depolarization, we have chosen arbitrarily
and Lanthorn (1989) .
to measure the potential 1 min after generating the rapid depolariza-A typical potential change produced by superfusion with tion as the peak, because the persistent depolarization was maintained for 1-2 min when the membrane potential was recovered medium deprived of oxygen and glucose (ischemia-simulatafter reintroduction of oxygen and glucose in test media (see RE-ing medium) is shown in Fig. 1A (top). The slope during SULTS ). Recovery after reintroduction of oxygen and glucose is the first minute of the persistent depolarization was 0.16 { defined as follows: no recovery, 30-60 min after reintroduction 0.07 mV/s (n Å 65). The peak potential 1 min after generatthe membrane potential lay between 0 and 019 mV; complete ing the rapid depolarization was 05 { 2 mV (n Å 65). recovery, the membrane potential was more negative than 060 When testing for the effects of various solution on the peak mV; partial recovery, membrane potential repolarized to a value potential of the persistent depolarization, we have chosen between 020 and 059 mV. In most neurons with complete recovarbitrarily to measure the potential 1 min after generating ery, action potentials and fast excitatory postsynaptic potentials the rapid depolarization as the peak.
similar to those in the initial control period could be elicited by direct and focal stimulation, respectively, when the test solution was replaced by the normal medium. At the end of experiments, Effects of glutamate receptor antagonists and metabotropic the membrane potential was referenced to 0 mV, which was mea-glutamate receptor agonists sured after drawing the electrode out of the cell. The recovery ratio is expressed as the percentage of the total number of neurons If the step leading to irreversibility is the increase in cation exhibiting complete and partial recovery in a given group.
permeability from activation of excitatory amino acid recepLow Na / (28.6 mM) medium, low K / (0.36 mM) medium, tors by accumulation of Glu and/or aspartate in the interstilow Cl 0 (43 mM) medium, and low Ca 2/ (0.25 mM) medium tial space, Glu receptor antagonists may be expected to prowere made, as described in the preceding paper (Tanaka et al. mote reversibility. Figure 1A illustrates typical responses 1997). The drugs used were 6-cyano-7-nitroquinoxaline-2,3-dione induced by a period of ischemia-simulating medium in the
presence of the NMDA receptor antagonist, AP5 (250 mM), acid (t-ACPD, from Tocris Neuramin); DL 02-amino-3-phosphonon-NMDA receptor antagonist, CNQX (10 mM), metabonopropionic acid (AP3), DL02-amino-4-phosphonobutyric acid tropic Glu receptor antagonist, AP3 (1 mM), or metabotro-(AP4), DL02-amino-5-phosphonopentanoic acid (AP5), procaine, N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (all from pic Glu receptor antagonist and presynaptic AP4 receptor Sigma Chemical); ryanodol 3-(1H-pyrrole-2-carboxylate) (ryano-(autoreceptor) agonist, AP4 (1 mM). Application of AP5 or dine), 8-(diethylamino)octyl-3,4,5-trimethoxybenzoate hydro-CNQX 10 min before superfusion with ischemia-simulating chloride (TMB-8, all from Research Biochemicals International); medium did not prevent the rapid depolarization but detetrodotoxin (TTX, from Sankyo), 1,2-bis(2-aminophenoxy)-pressed the persistent depolarization. As a result, in the presethane-N,N,N ,N -tetraacetic acid tetraacetoxymethyl ester ence of these drugs the membrane potential of the neuron (BAPTA/AM, from Wako); tetraethylammonium chloride was repolarized partially or completely toward the pre-expo- 08-05-97 14:32:53 neupa LP-Neurophys partially recovered after reintroduction of oxygen and glucose in most cases where t-ACPD was contained in the superfusing medium. In addition, the protective action of t-ACPD was antagonized by AP3. Figure 2B illustrates the recovery (percent) of the neurons tested in the presence of t-ACPD (1-40 mM) or t-ACPD (5, 20 mM) combined with AP3 (1 mM). The peak potential was not affected significantly by t-ACPD (1-40 mM, Table 1 ). Figure 3A illustrates typical changes in the membrane potential produced by oxygen and glucose deprivation in various ionic media. As outlined previously superfusion with ischemia-simulating medium produced a small hyperpolarization and/or depolarization and then a rapid, large depolarization. The membrane potential fully or partially recovered after reintroduction of oxygen and glucose in solutions containing either 43 mM Cl 0 , 0.25 mM Ca 2/ , or 10 mM K / . On the other hand, 28.6 mM Na / or 0.36 mM K / medium could not restore the membrane potential. Figure 3B illustrates the recovery (percent) of the neurons after superfusing with the ischemia-simulating media and reintroducing oxygen and glucose in various ionic media. The membrane potential of all neurons tested completely recovered in 0.25 brane potential. Table 1 summarizes the characteristics, under various conditions, of the peak potential of the persistent Data are presented as means { SD, with n shown in parentheses. * P õ depolarization. The peak potential was depressed signifi-0.05 and ** P õ 0.01. Glu, glutamate; CNQX, 6-cyano-7-nitroquinoxalinecantly in the presence of each of the Glu receptor antagonists. 2,3-dione; AP5, DL-2-amino-5-phosphonopentoic acid; AP3, DL-2-amino-3-phosphonopropionic acid; AP4, DL-2-amino-4-phosphonobutyric acid; Figure 2A illustrates typical responses induced by a period In most cells, both t-ACPD alone and t-ACPD and presence of AP3 induced a 5-10 mV depolarization (not illustrated) concomitant with an increase in input resistance. Appropriate hyperpolarizing DC currents were passed through recording electrodes to restore membrane potential to initial level before application of ischemia-simulating medium. Pre-exposure levels were 060 (top) and 073 mV (bottom). Note that membrane potential was restored after reintroduction of oxygen and glucose in t-ACPD containing medium, whereas the protective action of t-ACPD is antagonized by AP3. B: effect of t-ACPD on percent of neurons exhibiting recovery.
Effects of various ionic media

t-ACPD, trans-(1S,3R)-amino-1,3-cyclopentane-dicarboxylic
mM Ca 2/ medium. Some neurons showed complete recovery in 43 mM Cl 0 medium and 10 mM K / medium. Very few neurons showed any recovery in 28.6 mM Na / or 0.36 mM K / medium. The result suggests that influx of Ca 2/ and Cl 0 may be involved in the membrane dysfunction produced by oxygen and glucose deprivation. Table 1 summarizes the result of the peak of the persistent depolarization. The peak potential was shifted in the hyperpolarizing direction in 28.6 mM Na / or 0.25 mM Ca 2/ medium but depolarized in 10 mM K / . K / (0.36 mM) or Cl 0 (43 mM) did not affect the peak potential. The result suggests that Na / and Ca 2/ are more important than K / and Cl 0 in determining the peak potential of persistent depolarization. blockers Co 2/ (2 mM), Ni 2/ (2 mM), flunarizine (50 mM), containing medium induced a 3-to 5-mV hyperpolarization with an increase and nifedipine (50 mM), and the K / channel blocker TEA in input resistance. Thus appropriate hyperpolarizing DC currents or depolarizing DC currents were passed through recording electrodes to restore (20 mM, using Cs acetate-filled electrodes) were examined. membrane potential to initial level. In low Cl 0 -containing medium, mem- Figure 4A illustrates typical responses caused by a period brane potential was shifted by 5-10 mV in depolarizing direction without of oxygen and glucose deprivation in the presence of these a change in input resistance. After recordings, electrode was placed into a various constituents. Co 2/ , Ni 2/ , and TTX completely, chamber and same depolarization was observed after changing to low Cl 0 whereas TEA using Cs acetate electrode partially, restored medium, indicating that this was simply a Cl 0 junction potential. Note that membrane potential recovered after reintroduction of oxygen and glucose the membrane potential after reintroducing oxygen and gluin low Cl 0 or low Ca 2/ medium and high K / medium, whereas low Na / cose; flunarizine or nifedipine had no effect. Figure 4 B illusor K / medium had no effect. Pre-exposure level was either 060, 073, trates recovery (percent). Nonspecific Ca 2/ channel block-064, 074, or 075 mV from top to bottom, respectively. B: percent recovery ers produced the greatest recovery: complete recovery of all of membrane potential in various ionic media. Note that low Ca 2/ medium gave complete recovery in all neurons. membrane dysfunction, and the effects were dose dependent. Table 1 summarizes the results for the peak potential of the persistent depolarization. The peak potential was shifted in a hyperpolarizing direction by ryanodine but was not significantly altered by BAPTA-AM, TMB-8, or procaine.
Effects of cation channel blockers
Changes in the apparent input resistance of the neurons with complete recovery
In the majority of CA1 pyramidal neurons, pretreatment with a reduction in [Ca 2/ ] o or addition of Co 2/ , AP5, or TMB-8 restored the membrane potential to the control level after reintroduction of oxygen and glucose. We, therefore, compared the apparent input resistance before deprivation of oxygen and glucose, during the persistent depolarization and after reintroduction of oxygen and glucose in the control condition (no pretreatment), with those of the pretreatment in the neurons with complete recovery. Table 2 summarizes the result. The pre-exposure input resistance was not significantly changed in each solution (P ú 0.05). In the control medium, the apparent input resistance rapidly decreased after generation of the rapid depolarization; the resistance during the persistent depolarization or after reintroduction was extremely low (õ3 MV) (also see Fig. 1A, top) . In contrast, the corresponding values in low Ca 2/ (0.25 mM), Co 2/ (2 mM), AP5 (250 mM), or TMB-8 (20 mM) medium were much larger than those of the control (also see the traces In response to superfusion with ischemia-simulating me- Figure 5 illustrates effects of the membrane-permeable dium, CA1 pyramidal neurons showed a rapid large depolarCa 2/ -chelator BAPTA-AM (50 mM), the intracellular ization after Ç6 min and then a slow drift to 0 membrane Ca 2/ -release inhibitor procaine (0.3 mM), the intracellular voltage (a persistent depolarization). When the slice was ryanodine receptor agonist ryanodine (20 mM), and the in-returned to normal medium immediately after the transition tracellular Ca 2/ -release inhibitor TMB-8 (20 mM) (Chiou from the rapid depolarization to the persistent depolarization, and Malagodi 1975; Fujiwara et al. 1994 ), on responses no recovery of the membrane potential occurred in any of induced by a period of oxygen and glucose deprivation. All the neurons examined in normal medium. In contrast, comthese drugs prolonged the latency of the rapid depolarization plete or partial recovery of the membrane potential occurred and partially or completely restored the membrane potential in a proportion of neurons (°100%) when various drugs, after reintroduction of oxygen and glucose. Average laten-which limited or prevented rises in intracellular Ca 2/ , were cies for generating the rapid depolarization in the presence present in the medium or when the ionic composition of the of these drugs is shown in Figure 6A . The latency was medium was modified. The factors that contribute toward prolonged significantly by BAPTA-AM (50 mM), ryanodine the reversal of the persistent depolarization are discussed in (40 mM), TMB-8 (20 mM), and procaine (0.3 mM and 1 the following sections. mM). In these drugs, procaine (0.3 mM) slightly depressed TTX-sensitive spike amplitudes, which were elicited by de-Role of excitatory amino acids polarizing current pulses (1.5-2 nA, 2 ms, 0.2 Hz), by 10-20% of the control (n Å 5).
Application of CNQX, AP5, AP3, AP4, or t-ACPD did not prevent the rapid depolarization, but the peak potential Figure 6B illustrates the recovery (percent) of neurons in the presence of BAPTA-AM, ryanodine, TMB-8, or pro-of the persistent depolarization was depressed by CNQX, AP5, AP3, and AP4. The results suggest that Glu receptor caine. All the agents had some protective effect against the release from intracellular stores on persistent depolarization. Tissue slices were pretreated with 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid tetraacetoxymethyl ester (BAPTA-AM; top), procaine (second), ryanodol 3-(1H-pyrrole-2-carboxylate) (ryanodine; third), or 8-(diethylamino ) octyl-3,4,5-trimethoxybenzoate hydrochloride (TMB-8; bottom) medium for 10 min before deprivation of oxygen and glucose. All of drugs enabled membrane potential to recover partially or completely after reintroduction of oxygen and glucose. Preexposure level was either 067, 060, 060, or 070 mV from top to bottom, respectively. activation is involved in the persistent depolarization. In Ca 2/ influx via both a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate type II receptors and NMDA recontrast to AP3 and AP4, CNQX and AP5 dose dependently enabled the membrane potential to recover, suggesting that ceptors contributes to the membrane dysfunction.
The present study showed that various drugs that limited or prevented rises in intracellular Ca 2/ limit the extent of membrane dysfunction. Activation of metabotropic Glu receptor (mGluR) 1 and 5 stimulates inositol triphosphate (IP 3 ) formation and intracellular Ca 2/ mobilization. In fact, in acutely dissociated rat hippocampal CA1 pyramidal neurons, t-ACPD (10-300 mM) produces a transient outward current after the activation of the mGluR, which is insensitive to both AP3 and AP4, coupled to a pertussis-toxininsensitive G protein (possibly Gq) that stimulates IP 3 formation through the activation of phospholipase C (Shirasaki et al. 1994 ). The present study showed that the protective action of t-ACPD was antagonized completely by AP3. It is, therefore, unlikely that mGluR5 is involved in the protective action of t-ACPD. AP4 itself had only a small protective action against the membrane dysfunction, suggesting that mGluR4, 6-8 are not involved in the neuroprotection by t-ACPD. In hippocampal cultured neurons, t-ACPD reversibly reduced high-threshold Ca 2/ currents (both N type and L type) to 70% of the control, and AP3 blocks the t-ACPDinduced Ca 2/ current reduction (Sahara and Westbrook 1993), whereas AP4 cannot antagonize the inhibition of the high-threshold Ca 2/ currents by t-ACPD (Swartz and Bean 
